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Abstract
Heavy vector-like quarks with electric charge Q = 2/3 (also called heavy tops)
appear naturally in many extensions of the Standard Model. Although these typi-
cally predict the existence of further particles below the TeV scale, direct searches
for heavy tops have been performed assuming that they decay only into SM par-
ticles. The aim of this paper is to overcome this situation. We consider the most
constraining experimental LHC searches for vector-like quarks, including analyses
of the 36 fb−1 of data collected in the latest run at 13 TeV of center of mass energy,
as well as searches sensitive to heavy tops decaying into a new scalar, S. Combining
all these, we derive bounds for arbitrary values of the heavy top branching ratios. A
simple code that automatizes this process is also provided. At the physics level, we
demonstrate that bounds on heavy tops are not inevitably weaker in the presence
of new light scalars. We find that heavy tops with masses below ∼ 900 GeV are
excluded by direct searches, independently of whether they decay into Zt,Ht,Wb or
St (with S giving either missing energy of bottom quarks) or into any combination
of them.
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1 Introduction
Heavy vector-like quarks with electric charge Q = 2/3 and masses around the TeV scale
appear naturally in many extensions of the Standard Model (SM). We will refer to them
as heavy tops or top partners interchangeably. Since they are colored, they can be pro-
duced in pairs via QCD interactions; their signatures depending only on the way they
decay. These have been widely studied assuming that these resonances decay only into
SM particles [1–3], namely into Zt, Ht and Wb (charged-conjugated decays are also un-
derstood). However, many models of new physics predict also the existence of further
particles, into which the heavy tops could decay. Consequently, these models can not be
easily constrained in light of current analyses.
This is the case, for example, of composite Higgs models (CHM) [4–6] with par-
tial compositeness [7]. Apart from the minimal setup, based on the symmetry-breaking
pattern SO(5)/SO(4) [8], all realizations of the composite Higgs paradigm contain new
scalars of electroweak (EW) mass. In particular singlets, as for example SO(6)/SO(5) [9],
SO(7)/SO(6) [10], SO(7)/G2 [11], SO(6)/SO(4) [12] or SU(5)/SO(5) [13], among others.
Note also that the minimal CHM is in no way preferred over the non-minimal realizations.
More the contrary: non-minimal CHMs can provide dark matter candidates [11, 14–18],
explanations for the observed baryon-anti-baryon asymmetry [10, 19] and feasible UV
completions [20–25]. Therefore, the top partner phenomenology can be totally different
from what current experimental analyses consider. As it has been anticipated in previous
references [26,27], new decay modes must be also taken into account.
Recent works [27–31] have made a first attempt to address this question by exploring
the signatures of new channels. However, this approach is valid only when new decays
are dominant and hence of little help. Likewise, standard analyses apply only when the
top-partners decay mostly into SM particles, namely into Ht, Zt and Wb. Overall, top-
partners with both standard and exotic decays can be bounded by no means in regard
of present analyses. Our aim in what follows is to fill this gap by extending previous
efforts in two ways. First, we consider all possible sets of branching ratios for the top
partners, counting not only new channels but also elusive decays, i.e. those that evade
current searches. They have the sole (but so far rather unexplored) effect of making
the branching ratios of all observable topologies not add to 1 (see ref. [32] for previous
considerations of this possibility). And second, we include LHC data acquired at both
8 [33] and 13 [34–37] TeV of center of mass energy (c.m.e.). All results are given in terms
of tables and plots than can be trivially used to constrain generic top-like resonances.
To simplify further this task, we also provide a very simple code that implements our
findings. It can be found in http://github.com/mikaelchala/vlqlimits. We intend
to update this program with the inclusion of incoming analyses and other signatures of
top and also bottom partners.
Evidently, heavy tops can decay into several new channels without conflicting with
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the SM gauge symmetries. We do not explore all of them in this article, nor are they
included in the mentioned code in its current form. Instead, we restrict ourselves to the
standard channels plus the top-partners decaying into a neutral scalar and a top quark.
We assume that the former either decays into bottom quarks or it escapes detectors. As a
matter of fact, these production modes are expected to dominate over others in concrete
CHMs. This is discussed in section 2. The rest of the article is structured as follows.
In section 3 we describe the status of experimental searches that bound the top-partner
decays into SM particles. We also explain how these can be combined without necessarily
recasting the corresponding analyses. In section 4 we concentrate on searches for heavy
tops with exotic decays. Different analyses are recast and applied to simulated events
in these topologies and their expected collider signatures are obtained. In section 5 we
describe how to combine all previous outcomes to bound heavy tops of several masses.
Plots for a broad set of branching ratios are provided. It is shown that bounds on heavy
tops are not inevitably weaker in the presence of new light scalars. Finally, in appendix B
we comment on how to obtain the code that implements the aforementioned results.
2 Assumptions
Inspired by non-minimal CHMs, we assume that the relevant degrees of freedom at the
TeV scale involve the SM particles, some new fermionic resonances and at least one real
neutral scalar, S. The latter, as well as the Higgs, H, are supposed to be composite
objects resulting from the confinement of a new strongly interacting sector at some scale
f ∼ TeV. We will denote by mH , mS and M the masses of H, S and the fermionic
resonances, respectively. The phenomenological study presented in this article is based
on the following assumptions.
Assumption 1: The top partners, T , are among the lightest fermionic resonances.
This has been explained at length in the CHM literature. A sketch of the argument reads
as follows. According to the partial compositeness paradigm [7], the elementary fermions,
q, mix with vector-like resonances, Q, through the mixing Lagrangian ∼ ∆qQ+ h.c. The
latter fermions are the only which, in turn, couple to the Higgs boson, because they are
all composite. In the physical basis, however, the massless particles (to be identified with
the SM fermions) obtain Yukawa interactions of the order ∼ (∆/M)2. The smallest M is
then that of the fermionic resonance coupling to the SM fermion with the largest Yukawa.
Namely the top quark, as we claim. More quantitative analyses can be found, for example,
in refs. [38–43].
Assumption 2: mS > mH , being in general of a few hundreds GeV. The scalar
potential for H and S can be estimated to be [44]
V ∼ 3
(4pi)2
f 2M2
[
−αH
2
f 2
+ β
H4
f 4
+ γ
S2
f 2
]
+ ... (2.1)
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where α, β and γ are dimensionless coefficients of order O(1), and the ellipsis stand for
terms with higher powers of S. Experimental limits from Higgs searches [45] and EW
precision data [46] impose f & 900 GeV, while natural arguments suggest that this can
not be much larger. Thus, let us take M ∼ f ∼ 1 TeV. It turns out that mS ranges
from ∼ 150 GeV (for γ ∼ 0.5) to ∼ 200 GeV (for γ ∼ 1). We can further strengthen
this conclusion by focusing on particular models with computable mS. Among these, we
find CHMs in which S is stable. The first such a model we consider is based on the coset
SO(6)/SO(5), with the third-generation qL and tR mixing with composite resonances
transforming in the 20 and the 1 representations of SO(6), respectively. The scalar
potential at the leading order adopts the form [26,44]
V = f 2
[
c1 − 7
4
c2
]
H2 + (c2 − c1)H4 − c2f 2S2 + · · · (2.2)
where c1 and c2 are the only free parameters not constrained by the symmetries. These
can be traded by the known values of the Higgs mass term, µ2H , and the quartic coupling,
λH ∼ 0.13:
V =
1
2
µ2HH
2 +
1
4
λHH
4 +
1
3
f 2
[
1− 2v
2
f 2
]
λHS
2 + · · · (2.3)
with v ∼ 246 GeV the EW VEV. If we take f ∼ 1 TeV, we obtain mS ∼ 300 GeV. The
second model we consider is based on the larger coset SO(7)/G2, with the third generation
qL and tR mixing with the 35 and the 1 representations of SO(7), respectively. The scalar
potential can then be written as [18]
V = µ2HH
2 + λHH
4 +
1
3
f 2
[
1− 8
3
v2
f 2
]
λHS
2 + · · · (2.4)
Again, for f ∼ 1 TeV we obtain mS ∼ 300 GeV.
Assumption 3: If S is not stable, it decays mostly into bottom quarks. S is a com-
posite particle, and therefore interacts stronger with the heavier particles. Thus, with
tops and bottoms. However, in light of the discussion above, it is clear that there exists a
natural regime in which S has no kinematics space to decay into tt¯, nor into HH. Besides,
the latter can be further suppressed if S is CP odd.
As a consequence of these three assumptions, the heavy tops can only decay sizably
into Zt,Ht,Wb and St (with S either decaying into bottom quarks or escaping detection).
With this in mind, in next sections we obtain bounds on M for arbitrary branching
ratios and for different values of mS in between 100 and 400 GeV. We focus on the pair
production channel, because it is driven by model-independent QCD interactions. In
this respect, however, two comments are in order. (i) In principle, spin-1 resonances, as
for example heavy gluons, could also mediate this process [47–49]. Were this the case,
the production cross section would be larger: our bounds considering only the QCD
contribution would be conservative. (ii) Likewise, in the context of CHMs, the cross
section for single production of heavy tops might be also large [50,51].
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Figure 1: NNLO cross sections for pair production of top partners [33,35] at 8 (left) and
13 (right) TeV of c.m.e.
3 Searches for vector-like quarks with standard de-
cays
Standard searches for QCD pair-produced top partners assume that these decay only into
SM particles, namely
BR(T → Ht) + BR(T → Wb) + BR(T → Zt) = 1 . (3.1)
In fact, bounds are typically given by plots showing excluded regions in the plane of the
first two branching ratios (see for example all searches discussed in ref. [52]). Consequently,
bounds for top partners with elusive decays, for which this equality does not hold, cannot
be read from current plots. Some constraints can be still obtained by rescaling the ones
given for each channel separately. However, these disregard all signal events in which
the two heavy tops decay into different particles. Bounds obtained in this way are hence
highly underestimated. At first glance, any attempt of departing from eq. 3.1 requires
reinterpreting the data from scratch (e.g. recasting the corresponding analyses).
Fortunately, this exercise can be greatly simplified in a counting experiment if limits
are provided for at least three different sets of branching ratios. We will illustrate how to
proceed in that case in the first SM channel to which we pay attention, namely T → Zt.
3.1 T → Zt
Let us consider a counting experiment for TT → Zt + X, with X being any standard
T decay channel. Let us assume that bounds on the QCD model-independent pair-
production cross section are known for BR(T → Zt) = 1. We will dub this quantity σ1.
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efficiency (%) M = 800 GeV M = 1000 GeV M = 1100 GeV
Zt + Zt 0.5 1.0 1.3
Zt + Ht 0.3 0.8 0.9
Zt + Wb 0.2 0.4 0.5
Table 1: Relevant efficiencies of the analysis of ref. [36] for three different masses of the
heavy top as obtained using the procedure outlined in the text.
Then, it is clear that the maximum amount of allowed signal events after cuts, N , can be
written as N = σ1 L (ZtZt), where L stands for the integrated luminosity considered in
the analysis and (ZtZt) is the efficiency for selecting signal events in the Zt+Zt channel.
Let us further assume that limits for the cases BR(T → Ht) = BR(T → Zt) = 0.5
(the doublet case) and 2 BR(T → Ht) = 2 BR(T → Zt) = BR(T → Wb) = 0.5 (the
singlet case) are also known. We will name their values by σD and σS, respectively. Then,
we get that the following equations approximately hold:
N ∼ σD L
[
1
4
(ZtZt)+
1
2
(ZtHt)
]
∼ σS L
[
1
16
(ZtZt)+
1
8
(ZtHt)+
1
4
(ZtWb)
]
. (3.2)
We have (conservatively) neglected (HtHt), (WbWb) as well as (HtWb), given that
the experimental search tags mainly Zt + X events. From the equation above, all the
relevant efficiencies can be estimated, and therefore the number of expected signal events
passing all the analysis cuts, Nsig, for arbitrary values of the branching ratios:
Nsig ∼ σ L
[
BR(T → Zt)2(ZtZt) + 2 BR(T → Zt) BR(T → Ht) (ZtHt)
+ 2 BR(T → Zt) BR(T → Wb) (ZtWb)
]
. (3.3)
In this expression, σ represents the theoretical cross section for pair-production of top
partners. This is shown in fig. 1, assuming that is driven by QCD interactions. The
number of signal events can be compared with the number of observed and predicted SM
events. Altogether, this method can be used to obtain bounds on top-like resonances
decaying into SM particles even when eq. 3.1 is not fulfilled. Conversely, if eq. 3.1 is
satisfied, the constraints obtained using this approach are slightly conservative. Let us
apply this procedure to a real example. This will allow us to check the goodness of the
method. In addition, the results obtained in this way will be used in next parts of this
article, when bounds combining different decay modes (including exotic T decays) will be
given.
We consider the latest search for Zt + X of ref. [36]. This is a counting experiment
based on 36 fb−1 of collected data at 13 TeV of c.m.e. at the ATLAS experiment. It
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focuses mainly on the invisible decay of the Z boson. Among the most important cuts,
the analysis requires the presence of exactly one light lepton (either electron or muon),
missing transverse energy EmissT > 350 GeV, the presence of at least four hard small-radius
jets and the presence of two large-radius jets with high pT . The search is optimized for
a heavy top with mass M & 1 TeV, for which the selection efficiency is reported to be
∼ 1%. (Note that this small efficiency takes into account all SM decay modes.) Bounds
at the 95 % C.L. for the case BR(T → Zt) = 1 as well as for the singlet and the doublet
cases are provided in fig. 6 of that reference for masses between 600 and 1400 GeV. Thus,
following the procedure outlined above, we obtain the relevant efficiencies. These are
written in tab. 1 for three representative masses. Clearly, although the efficiencies in the
Zt+ Zt channel are larger, the efficiencies in the mixed channels are not negligible. The
number of predicted SM events passing all cuts is reported to be NSM ∼ 6.5, while the
number of observed events is NO = 7. The maximum number of allowed signal events can
then be obtained using a simple CLs method [53]. This method considers the statistic
Q =
∏
i
(si + bi)
n˜ie−(si+bi)
bn˜ii e
−bi
= e−
∑
i si
∏
i
[
1 +
si
bi
]n˜i
= e−Nsig
[
1 +
Nsig
NSM
]N˜O
. (3.4)
In the last equality we have used that the number of independent signal regions, over which
the index i runs, is exactly 1 in a counting experiment. Besides, N˜O represents a random
Poisson distributed variable with mean Nsig +NSM in the signal+background hypothesis,
and with mean NO in the background-only hypothesis. Let us call Psig+SM(Q) and PSM(Q)
the random distribution followed by Q in the first and second cases, respectively. Two
confidence estimators are defined in the CLs method:
CLs+b = 1−
∫ ∞
Qobs
Psig+SM(Q)dQ, CLb = 1−
∫ ∞
Qobs
PSM(Q)dQ , (3.5)
where Qobs is the value of Q when N˜O = NO. A signal is said to be excluded at the 95 %
C.L. if CLs = CLs+b/CLs < 0.05. In this case, this occurs for Nsig > 8. Fixing eq. 3.1, we
compute this ratio using the TLimit class of ROOT [54] for the three values of M in tab. 1
and for all values of BR(T → Ht) and BR(T → Wb) in the range (0, 1) with steps of
0.01. Nsig is computed using eq. 3.3 and the efficiencies quoted in the table. The excluded
regions are shown in orange in the three panels of fig. 2. The bounds obtained in (fig.
7 of) the experimental reference are superimposed with green dashed lines. Clearly, the
agreement is excellent.
3.2 T → Ht
We follow the same approach as before to obtain the efficiencies for selecting Ht + X
events. We consider the experimental analysis of ref. [33]. It is based on 20 fb−1 of
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Figure 2: Left) Region of the plane of branching ratios excluded by the Zt + X analysis
of ref. [36] for M = 800 GeV. The dashed green lines represent the constraints provided
by the experimental collaboration, while the orange area is the one we obtain with the
simplified method outlined in the text. Middle) Same as Left) but for M = 1000 GeV.
Right) Same as Left) but for M = 1100 GeV.
collected luminosity at 8 TeV of c.m.e. at the ATLAS experiment. Despite the bounds
reported by the paper are based on a likelihood analysis of several signal regions, the
sensitivity of the search is driven mainly by one of them. So, it can be approximated by
a counting experiment. In this signal region, at least six light jets have to be present, of
which at least four must be b-tagged. Again, exactly one light lepton is required. The
analysis reports the observation of 84 events, while 81 were expected from the SM alone.
Consequently, no more than 22 signal events are allowed. To validate the approach in
this case, we consider a heavy top mass of 750 GeV. This choice is intended to combine
the Ht+X channel with the Wb+X one, for which ref. [33] provides bounds too. (For
other masses, the regions excluded combining the Ht+X and Wb+X channels are just
the trivial overlapping of those excluded by each search separately. We elaborate on this
point in the next section.) The bounds that we obtain are shown in the left panel of fig. 3.
The agreement is worse than in the Zt + X case, the reason being that this analysis is
not exactly a counting experiment. The results, however, are conservative.
On top of this analysis, we consider the latest ATLAS search for Ht + X described
in ref. [35]. It is based on 13.2 fb−1 of collected luminosity at 13 TeV of c.m.e. We
consider the channel that requires the presence of exactly one light lepton. The search
further imposes a stringent cut on the multiplicity of jets and b-tagged jets, as well as on
the scalar sum of the transverse momenta of all final state objects. Boosted techniques
are used to reconstruct hadronically-decaying resonances giving rise to large-radius jets.
Contrary to the previous searches, the bounds obtained in this one rely on the several bins
of the effective mass, defined as the scalar sum of the transverse momenta of the lepton,
the selected jets and the EmissT . Consequently, we can not proceed as before. Instead, we
consider just the reported excluded cross sections, σexcl, for BR(T → Ht) = 1. Thus, a
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Figure 3: Left) Region of the plane of branching ratios excluded by the Ht + X analysis
of ref. [33] for M = 750 GeV. The dashed green lines represent the constraints provided
by the experimental collaboration, while the orange area is the one we obtain with the
simplified method outlined in the text. Middle) same as Left) but for the Wb+X analysis.
Right) Same as Left) but for the combination of both analyses.
heavy top of a given mass M is ruled out by this analysis if
σ(pp→ TT )× BR(T → Ht)2 > σexcl . (3.6)
Bounds obtained in this way can not be combined with the ones before, but they will be
superimposed to them. As a matter of fact, when this branching ratio is close to 1, this
search sets the most stringent constraint.
3.3 T → Wb
A search for Wb + X has been also carried out in ref. [33]. Among the most important
cuts, exactly one light lepton is required, as well as at least four light jets, one of which
must be b-tagged. Besides, one jet with pT > 400 GeV has to be present, too. This jet
results typically from the hadronic decay of one W boson. According to the study, 27.6
SM events are expected to pass all cuts, while 30 have been observed. This implies that
no more than 15 signal events are allowed. The analysis does not provide bounds for
the doublet case, so we only obtain the efficiency for selecting Wb+Wb events using the
simplified method explained above. The region excluded using this approach for M = 750
GeV is shown in the middle panel of fig. 3. It matches perfectly the one obtained by the
experimental collaboration, which means that very few events result from the disregarded
Wb+Ht or Wb+ Zt channels.
Using the CLs method described at the beginning of this section, we obtain bounds
combining the signal region of the 8 TeV Ht + X analysis with that of the Wb + X one
(they are statistically independent). The result is shown in the right panel of the figure.
Such a combination has been also provided by the experimental collaboration, and it is
depicted by the green-dashed line. Our results are again conservative. On top of this,
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we also consider the latest search for Wb + X described in ref. [34], based on 14.7 fb−1
of collected luminosity at 13 TeV of c.m.e. In the final plots, we will also superimpose
constraints obtained from those reported for BR(T → Wb) = 1.
4 Searches for vector-like quarks with exotic decays
4.1 T → St, S → bb
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Figure 4: Left) Normalized distribution of mmin∆Rbb for M = 600 GeV and mS = 200 GeV
in the Ht+Wb (thick solid orange) and the St+Wb (thin solid green) channels. The cut
on mmin∆Rbb > 100 GeV is depicted with a vertical dashed line. Right) Same as Left) but
for M = 800 GeV and mS = 300 GeV.
The search for Ht + X [33] relies on the Higgs decaying into bottom quarks. Hence,
it is also sensitive to St + X events with S decaying into the same final state. In fact,
if mS were of the size of the Higgs mass, the sensitivity of this search for both channels
would be similar. A thorough inspection of this search reveals that the only variable that
can distinguish both channels is actually mmin∆Rbb , defined as the invariant mass of the two
b-tagged jets closest in ∆R. It is required to be larger than 100 GeV.
The boost factor of S grows as∼M/mS. Therefore, the larger its mass, the smaller the
fraction of events for which the two bottom quarks resulting from its decay are the closest
ones. Therefore, it could be expected that, for small M and large mS, the sensitivity of
this search for St+X reduced with respect to Ht+X. However, this effect turns out to be
largely compensated by the smaller Higgs decay rate into bottom quarks and the fact that
the invariant mass of the closest b-tagged jets peaks at much larger values in the S case.
This is made explicit in fig. 4 for two different pairs of M and mS. The distributions are
obtained out of QCD pair-produced heavy tops generated with MadGraph v5 [55] whose
11
SM final state particles are subsequently decayed with Pythia v6 [56]. The basic cuts of
ref. [33], described in section 3.3, have been applied. The efficiency with respect to the
standard Higgs channel varies from ∼ 1.1, for (M,mS) = (600, 200) GeV, to ∼ 1.2, for
(M,mS) = (1500, 200) GeV.
Similarly, the efficiency of the search for Zt + X [36] examined in section 3.1 for the
Zt+St channel matches also the one for Zt+Ht when S decays to bottom quarks. As a
result, we can safely add BR(T → St) + BR(T → Ht) into a single variable that, abusing
notation, we will still write as BR(T → Ht). Bounds considering this new channel are
then trivial to obtain. Hereafter, we shall only write St explicitly for the case in which S
scapes detectors, to be discussed in the next section.
4.2 T → St, S → EmissT
The search for Zt+X focuses on the invisible decay of the Z boson. Therefore it is also
sensitive to St + X channels whenever S is stable at detector scales. This analysis puts
a stringent cut on the amount of EmissT . The efficiency depends notably on M/mS, and
hence, contrary to the previous case, BR(T → St) can not just be added to BR(T → Zt).
Instead, we need to recast the whole analysis. For this matter, we use homemade routines
based on a combination of MadAnalysis v5 [57, 58], ROOT v5 [54] and Fastjet v3 [59].
QCD pair-produced heavy tops decaying into St+Zt, St+Ht and St+Wb are generated
with MadGraph v5 [55] and Pythia v6 [56]. Detector effects are disregarded, although an
efficiency of 0.85 (0.9) for selecting electrons (muons) has been simulated. Among other
variables, this analysis relies on HmissT,sig = (H
miss
T − 100 GeV)/σHmissT , where HmissT stands
for the pT of the vectorial sum of the jet and lepton momenta. Likewise, σHmissT represents
the resolution on HmissT . We take a conservative value of 7 %. In order to validate the
implementation, we recalculate the efficiencies for the Zt + Zt channel. We find very
good agreement with those computed in section 3.1, some of which have been shown in
tab. 1. Then, we obtain the efficiencies for St + X for different values of M and mS. A
representative set of these efficiencies is collected in the different tables of appendix A,
together with those computed in the previous sections.
When both top partners decay into St, the resulting signal is identical to that explored
by searches for stops decaying into tops and neutralinos. We recast one of the latest
analyses carried out by CMS [37] at 13 TeV of c.m.e. in the fully-hadronic channel
(we also considered the homologous search by the ATLAS Collaboration [60], but the
validation was far less convincing). The large top decay rate into jets together with the
current performance of boosted techniques make this channel optimal for probing large
values of M and mS.
The study relies on 60 statistically independent signal regions. We find that the
sensitivity is driven mainly by two of them. Roughly, the first one requires EmissT to be
between 250 and 350 GeV, as well as nt = 0 and nW = 1. nt (resp. nW ) is the number
12
300 400 500 600 700 800 900
mt˜ [GeV]
100
150
200
250
300
350
m
χ˜
0
[G
eV
]
600 800 1000 1200 1400 1600
M [GeV]
0.0
0.2
0.4
0.6
0.8
1.0
B
R
m
ax
(T
→
S
t)
Figure 5: Left) excluded region in the stop-neutralino mass plane by the CMS search of
ref. [37]. The area enclosed by the solid (dashed) orange (green) line is obtained with the
recast analysis (by the experimental collaboration). Right) Bound on BR(T → St) for
mS = 100 (dashed green), 200 (dashed orange), 300 (solid orange) and 400 (solid green)
GeV.
of fat jets with mass within 110 and 120 (resp. 60 and 110) GeV and pT > 400 (resp.
200) GeV. Fat jets are clustered out of hadronic traces with the anti-kt algorithm [61]
with R = 0.8 and subsequently re-clustered with the Cambridge-Aachen algorithm [62]
with the same R. The analysis reports the observation of 14 events, while only 9.6 are
expected from the SM alone (see tab. 2). Consequently, any model giving more than 13
events in this signal region is excluded at the 95 % C.L. The second signal region, instead,
requires EmissT > 500 GeV, nt ≥ 1 and nW ≥ 1. The number of observed and expected
events are 1 and 0.16, respectively. This sets an upper limit on the number of allowed
signal events after cuts of 5. In both cases, at least five R = 0.4 anti-kt jets and at least
two b-tagged jets have to be present.
For the validation we produce again pairs of stops with MadGraph v5 that are sub-
sequently decayed only into tops and neutralinos with Pythia v6. We then obtain the
number of survivor signal events in each of the 60 signal regions considered in the exper-
imental analysis. We combine all them into a single statistics which is compared with
the provided number of expected and observed events via a CLs analysis. The excluded
region in the plane of stop and neutralino masses (mt˜ −mχ˜0) is depicted by the orange
region in the left panel of fig. 5. The limits reported by the experimental collaboration
are also shown for comparison, the agreement being apparent. We can therefore obtain
the efficiency of this analysis for St + St events for different values of mS. As the rest
of efficiencies, these are reported in appendix A. In the right panel of fig 5 we plot the
maximum value of BR(T → St) that is allowed by this analysis when it is applied to the
St+St channel alone taken into account only the two main important signal regions. Note
13
Ht + X Wb + X Zt + X CMS
c.m.e. [TeV] 8 8 13 13
HtHt, HtWb, WbWb ZtZt, ZtHt, StSt
Channels HtZt ZtWb, StHt,
StZt, StWb
Nb 81 27.6 6.5 9.6, 0.16
Nd 84 30 7 14, 1
Ns 22 15 8 13, 5
Table 2: Experimental analyses considered in this work and channels for which efficiencies
have been estimated. The number of observed and expected SM events in each signal
region are also shown. Any signal leading to more than Ns events in at least one analysis
is excluded, although stronger bounds are obtained if the different analyses are combined
into a shape analysis. See the text for details.
that values of M as large as 1100 GeV are excluded for BR(T → St) = 1. Much lighter
resonances are still allowed if the branching ratio is smaller. In that case, however, decays
into SM particles are also present. Consequently both standard and exotic T decays have
to be considered at once. We address this point in the next section.
5 Final results
At this stage, the number of signal events passing the cuts of the analyses reported in
tab. 2 can be computed for arbitrary branching ratios of a heavy top T into Zt,Ht,Wb
ot St. We recall that St stands for an invisible S, while the BR(T → St, S → bb) is
included in BR(T → Ht). The number of expected and observed events for each analysis
are also written in the table. Given this information, bounds combining all these searches
can be obtained by using the CLs method as described in section 3.1. These are shown in
figs. 6, 7, 8 and 9 for different values of M and different choices of BR(T → St). Given
the small dependence of searches for St + St on the value of mS (see the right panel of
fig. 5), we have fixed mS = 100 GeV in all plots. We have also assumed
BR(T → Ht) + BR(T → Wb) + BR(T → Zt) + BR(T → St) = 1 . (5.1)
The different colors have the following meanings. The gray area enclosed by the solid
black line shows the region excluded after combining all the (statistically independent)
signal regions presented in tab. 2. In the green one, enclosed by the dashed green line, we
do the same, but neglecting the events resulting from T → St. This region gives an idea
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Figure 6: Excluded regions in the space of branching ratios for M = 700 GeV and mS =
100 GeV. The gray area results from a combined statistical analysis of all signal regions of
tab. 2. In the green area, the St+X events are disregarded. The red region is excluded by
the analysis of ref. [35]. Likewise, the blue region is excluded by the analysis of ref. [34].
of how constraining current searches are if T decays also into some elusive channel (for
example into very soft final state particles). In other words, it reflects departures from
eq. 3.1 by an amount of BR(T → St). Clearly, in the limit in which BR(T → St) = 0, this
region coincides with the gray one. In the limit BR(T → St) = 1, this region is empty.
The red region enclosed by the dashed red line represents the area excluded by searches
for Ht + X at 13 TeV of c.m.e., as explained in section 3.2. Finally, the blue region
enclosed by the dashed blue line represents the area excluded by searches for Wb+X at
13 TeV of c.m.e., as explained in section 3.3. Let us discuss these results case by case.
M = 700 GeV: All combinations of branching ratios are excluded, independently on
the value of BR(T → St). Note that we do not show results for values of this rate larger
than 0.3. The reason is that, according to the plot in the right panel of fig. 5, such
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Figure 7: Same as fig. 6 but for M = 800 GeV.
scenarios are already excluded by searches for stops decaying into neutralinos.
M = 800 GeV: In this case, a small region of the plane when BR(T → St) < 0.1
is still allowed by the data we are considering. We stress, however, that this region
disappears when all signal regions in the search for Ht+X (see ref. [35]) are considered.
It is also worth to emphasize the power of combining, in a single statistical analysis,
the data from heavy tops with standard decays with those for top partners with exotic
decays. Indeed, let us focus on the case BR(T → St) = 0.2 (left lower panel). The region
excluded by searches for top partners decaying into Zt,Ht or Wb is depicted by the green
area. Clearly, this is far from being the whole parameter space. On the other hand,
BR(T → St) = 0.2 is perfectly allowed by searches for St+St (right panel of fig. 5). The
combination of the various channels, however, gives much more stringent constraints than
the mere superposition of those coming from the different searches alone.
M = 900 and 1000 GeV: In both cases, there are sizable regions of the parameter
space not excluded by current searches for BR(T → St) < 0.2. For larger values of this
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Figure 8: Same as fig. 6 but for M = 900 GeV.
branching ratio, however, the combination of standard and exotic decays forbids again
the existence of top partners, independently of their branching ratio into SM channels.
M > 1000 GeV: independently of the value of BR(T → St), searches for pp→ TT →
ttSS are no longer constraining (see fig. 5). Likewise, standard searches loose sensitivity
for M > 1100 GeV. For different values of mS and/or different values of the branching
ratios, we refer the reader to appendix B, in which we explain how to obtain experimental
bounds straightforwardly using a simple Python script.
6 Conclusions
Heavy tops, T , which are predicted by different extensions of the Standard Model (SM),
can decay not only into SM final states such as Zt,Ht or Wb, but also into new particles.
Among others, new scalar singlets, S, are good candidates. These appear, for example, in
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Figure 9: Same as fig. 6 but for M = 1000 GeV.
non-minimal realizations of the composite Higgs model paradigm. In light of this, we have
investigated the LHC signals of top partners with sizable decay rate also into St. We have
focused on the pair-production mode, because it depends only on the model-independent
QCD interactions. We have considered ATLAS and CMS experimental analyses per-
formed at both 8 and 13 TeV of center of mass energy. These include searches for Ht+X
(which are also sensitive to St + X final states when S decays into bottom quarks) and
Wb + X, as well as analyses of Zt + X and supersymmetry searches for pair produced
stops with neutralino decays (both of which are also sensitive to St + X events if S is a
stable particle). We have obtained the expected number of signal events passing the cuts
of these analyses for arbitrary combinations of branching ratios and for different masses
of T and S. Then, we have obtained bounds resulting from a combined statistical study
of all signal regions. Besides, these two procedures have been implemented in a simple
code that can be found in http://github.com/mikaelchala/vlqlimits. Details about
the mode of use are provided in appendix B. On the physics side, we have found that
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M [GeV] 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Zt+ Zt 0.004 0.004 0.006 0.009 0.010 0.013 0.015 0.016 0.017 0.017 0.017
Zt+Ht 0.002 0.002 0.003 0.005 0.008 0.009 0.012 0.014 0.015 0.015 0.015
Zt+Wb 0.001 0.000 0.002 0.002 0.004 0.005 0.006 0.007 0.008 0.008 0.008
Ht+Ht 0.056 0.083 0.104 0.139 0.167 0.185 0.185 0.185 0.185 0.185 0.185
Ht+ Zt 0.039 0.068 0.105 0.151 0.179 0.193 0.193 0.193 0.193 0.193 0.193
Ht+Wb 0.026 0.053 0.066 0.149 0.208 0.257 0.257 0.257 0.257 0.257 0.257
Wb+Wb 0.021 0.025 0.027 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031
St+Ht 0.001 0.003 0.005 0.007 0.009 0.010 0.010 0.010 0.010 0.010 0.010
St+ Zt 0.002 0.004 0.008 0.011 0.014 0.017 0.019 0.020 0.020 0.021 0.021
St+Wb 0.001 0.002 0.004 0.006 0.009 0.010 0.010 0.011 0.010 0.011 0.011
St+ St(1) 0.009 0.007 0.007 0.006 0.006 0.006 0.007 0.006 0.006 0.006 0.006
St+ St(2) 0.003 0.006 0.008 0.009 0.010 0.010 0.010 0.009 0.009 0.009 0.009
Wb+Wb [pb] 0.170 0.130 0.070 0.048 0.025 0.019 0.017 0.014 0.013 0.013 0.013
Ht+Ht [pb] 0.106 0.081 0.055 0.031 0.023 0.016 0.012 0.010 0.009 0.009 0.009
Table 3: Efficiencies of the experimental analyses (see tab. 2) for the different final states
considered in this work for mS = 100 GeV and several values of M (rows 2 − 12). The
last two rows show the upper limit on the pair production of T quarks with subsequent
decay into the indicated final state at 13 TeV of c.m.e. obtained from refs. [34] and [35],
respectively.
heavy tops with masses below ∼ 900 GeV are excluded by direct searches for any value
of BR(T → St), while even larger masses are forbidden for larger values of this branching
ratio. All in all, we can conclude that bounds on heavy tops are not necessarily weaker if
these decay also into new particles.
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A Tables
The efficiencies of the experimental analyses (see tab. 2) for the different final states
considered in this work for several values of M are shown in rows 2−12 of tab. 3 (mS = 100
GeV), tab. 4 (mS = 200 GeV), tab. 5 (mS = 300 GeV) and tab. 6 (mS = 400 GeV).
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M [GeV] 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Zt+ Zt 0.004 0.004 0.006 0.009 0.010 0.013 0.015 0.016 0.017 0.017 0.017
Zt+Ht 0.002 0.002 0.003 0.005 0.008 0.009 0.012 0.014 0.015 0.015 0.015
Zt+Wb 0.001 0.000 0.002 0.002 0.004 0.005 0.006 0.007 0.008 0.008 0.008
Ht+Ht 0.056 0.083 0.104 0.139 0.167 0.185 0.185 0.185 0.185 0.185 0.185
Ht+ Zt 0.039 0.068 0.105 0.151 0.179 0.193 0.193 0.193 0.193 0.193 0.193
Ht+Wb 0.026 0.053 0.066 0.149 0.208 0.257 0.257 0.257 0.257 0.257 0.257
Wb+Wb 0.021 0.025 0.027 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031
St+Ht 0.001 0.003 0.006 0.008 0.011 0.012 0.012 0.014 0.013 0.014 0.014
St+ Zt 0.002 0.005 0.009 0.011 0.017 0.020 0.022 0.023 0.023 0.024 0.024
St+Wb 0.001 0.002 0.005 0.007 0.010 0.010 0.013 0.013 0.013 0.012 0.012
St+ St(1) 0.009 0.008 0.007 0.006 0.005 0.006 0.006 0.005 0.006 0.005 0.005
St+ St(2) 0.004 0.006 0.009 0.011 0.012 0.012 0.012 0.013 0.013 0.012 0.012
Wb+Wb [pb] 0.170 0.130 0.070 0.048 0.025 0.019 0.017 0.014 0.013 0.013 0.013
Ht+Ht [pb] 0.106 0.081 0.055 0.031 0.023 0.016 0.012 0.010 0.009 0.009 0.009
Table 4: Same as tab. 3 but for mS = 200 GeV.
B Software
A small Python script can be found in http://github.com/mikaelchala/vlqlimits.
The usage is extremely simple. First, one needs to edit the file input.dat (the name can
be of course changed). It reads:
% THIS IS A COMMENT
% FORMAT: M, MS, BR(T->WB), BR(T->HT)+BR(T->ST, S->BB), BR(T->ZT), BR(T->ST, S -> INV)
735. 210. 0.5 0.1 0.1 0.3
The non-commented line contains an example point. More points, corresponding to other
possible quarks present in the spectrum, can be added (interference effects are disre-
garded). We recall that the branching ratios do not have to add to 1. This would reflect
the existence of further decays for which there is no experimental information (for ex-
ample, decays into very soft particles, which are hard to detect). Given this, one can
compute whether the set of heavy tops indicated in the file is excluded at the 95 % C.L.
or not. This can be done in two ways:
• ./code indp.py input.dat: returns 1 if the number of predicted signal events in
at least one signal region is above that quoted in tab. 2, or if the cross sections in
Wb+Wb or Ht+Ht exceed the ones reported by the corresponding analyses at 13
TeV of c.m.e. [34, 35]. It returns 0 otherwise.
• ./code comb.py input.dat: returns 1 if the CLs computed considering all signal
regions in tab. 2 is below 0.05. Or if the cross sections in Wb + Wb or Ht + Ht
exceed the ones reported by the corresponding analyses at 13 TeV of c.m.e. [34,35].
It returns 0 otherwise. This code can be only run if PyROOT is properly installed.
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M [GeV] 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Zt+ Zt 0.004 0.004 0.006 0.009 0.010 0.013 0.015 0.016 0.017 0.017 0.017
Zt+Ht 0.002 0.002 0.003 0.005 0.008 0.009 0.012 0.014 0.015 0.015 0.015
Zt+Wb 0.001 0.000 0.002 0.002 0.004 0.005 0.006 0.007 0.008 0.008 0.008
Ht+Ht 0.056 0.083 0.104 0.139 0.167 0.185 0.185 0.185 0.185 0.185 0.185
Ht+ Zt 0.039 0.068 0.105 0.151 0.179 0.193 0.193 0.193 0.193 0.193 0.193
Ht+Wb 0.026 0.053 0.066 0.149 0.208 0.257 0.257 0.257 0.257 0.257 0.257
Wb+Wb 0.021 0.025 0.027 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031
St+ Zt 0.002 0.004 0.007 0.009 0.015 0.015 0.015 0.017 0.016 0.015 0.015
St+Ht 0.003 0.005 0.010 0.016 0.019 0.023 0.024 0.026 0.025 0.026 0.026
St+Wb 0.001 0.003 0.006 0.008 0.011 0.013 0.014 0.015 0.015 0.017 0.017
St+ St(1) 0.009 0.008 0.006 0.005 0.005 0.005 0.005 0.004 0.004 0.004 0.004
St+ St(2) 0.003 0.007 0.010 0.012 0.014 0.015 0.014 0.015 0.015 0.014 0.014
Wb+Wb [pb] 0.170 0.130 0.070 0.048 0.025 0.019 0.017 0.014 0.013 0.013 0.013
Ht+Ht [pb] 0.106 0.081 0.055 0.031 0.023 0.016 0.012 0.010 0.009 0.009 0.009
Table 5: Same as tab. 3 but for mS = 300 GeV.
M [GeV] 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Zt+ Zt 0.004 0.004 0.006 0.009 0.010 0.013 0.015 0.016 0.017 0.017 0.017
Zt+Ht 0.002 0.002 0.003 0.005 0.008 0.009 0.012 0.014 0.015 0.015 0.015
Zt+Wb 0.001 0.000 0.002 0.002 0.004 0.005 0.006 0.007 0.008 0.008 0.008
Ht+Ht 0.056 0.083 0.104 0.139 0.167 0.185 0.185 0.185 0.185 0.185 0.185
Ht+ Zt 0.039 0.068 0.105 0.151 0.179 0.193 0.193 0.193 0.193 0.193 0.193
Ht+Wb 0.026 0.053 0.066 0.149 0.208 0.257 0.257 0.257 0.257 0.257 0.257
Wb+Wb 0.021 0.025 0.027 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031
St+ Zt 0.002 0.006 0.008 0.012 0.016 0.018 0.019 0.019 0.021 0.021 0.021
St+Ht 0.004 0.006 0.012 0.018 0.021 0.023 0.028 0.030 0.029 0.030 0.030
St+Wb 0.002 0.003 0.007 0.010 0.012 0.015 0.016 0.018 0.019 0.018 0.018
St+ St(1) 0.008 0.007 0.006 0.005 0.005 0.004 0.004 0.004 0.004 0.004 0.004
St+ St(2) 0.003 0.007 0.011 0.014 0.015 0.016 0.017 0.018 0.017 0.015 0.015
Ht+Ht [pb] 0.170 0.130 0.070 0.048 0.025 0.019 0.017 0.014 0.013 0.013 0.013
Wb+Wb [pb] 0.106 0.081 0.055 0.031 0.023 0.016 0.012 0.010 0.009 0.009 0.009
Table 6: Same as tab. 3 but for mS = 400 GeV.
In both cases, the NumPy and the SciPy libraries are mandatory. The cross sections
and efficiencies for masses not considered in the Monte Carlo simulations are linearly
interpolated from those included in the hidden file .tables. More sophisticated tools, that
include also heavy fermions with different quantum numbers, are also publicly available
(see for example XQCAT [32, 63]). However, exotic decays and signals at 13 TeV are
generally not considered. In this respect, this code complements previous works.
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